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A B S T R A C T

Many dietary compounds show promising protective activity against colon cancer by activating nuclear factor-
erythroid 2 related factor 2 (Nrf2). Recently, we reported that mitogen-activated protein kinase phosphatase 1
(Mkp-1) exhibits crosstalk with the Nrf2 signaling pathway, protecting against intestinal inflammation. Here, we
present evidence that Mkp-1 is required for the chemopreventive action of the Nrf2 activators butylated hy-
droxyanisole (BHA) and resveratrol (RSV). In an azoxymethane/dextran sulfate sodium model of colitis-asso-
ciated tumorigenesis, Mkp-1−/− mice exhibited a phenotype similar to Nrf2−/− mice with significantly more
tumors than WT mice. Tumors from Mkp-1−/− mice exhibited higher levels of macrophage infiltration than
those from WT mice. This was accompanied by increased expression of nitrotyrosine and p53BP1, markers of
oxidative stress and DNA damage, respectively. Moreover, dietary suppression of tumorigenesis using BHA
(0.5%) or RSV (300 ppm) supplementation was achieved in WT but not in Mkp-1−/− mice. In adenomas from
WT mice, the expression of Mkp-1 was markedly lower than in adjacent normal tissue, concomitant with the
down-regulation of Nrf2 and its target genes. Our data revealed that Mkp-1 is required in the protective role of
Nrf2 signaling against colitis-associated tumorigenesis.

1. Introduction

Colorectal cancer is one of the most common types of cancer
worldwide (Siegel et al., 2013). Chronic inflammation is recognized as
a potential risk factor for this and other cancers. People with in-
flammatory bowel diseases, such as Crohn's disease and ulcerative co-
litis, are more prone to colorectal cancer (Eaden et al., 2001; Friedman
et al., 2001). Therefore, there is an urgent need to develop novel che-
mopreventive interventions for this high-risk population.

Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a transcription
factor that controls both the basal and inducible expression of a battery
of cytoprotective genes, including the antioxidant and phase II drug-
metabolizing enzymes glutathione transferases (GSTs), NAD(P)
H:quinone oxidoreductase 1 (NQO1), glutamate-cysteine ligase (GCLC),

catalytic subunit, and heme oxygenase-1 (HO-1) (Itoh et al., 1997). At
least ten chemical classes of Nrf2 activators have been identified
(Dinkova-Kostova et al., 2004; Holtzclaw et al., 2004; Kensler and
Wakabayashi, 2010). Under normal redox homeostatic conditions, cy-
toplasmic Kelch-like ECH-associated protein-1 (Keap1) physically binds
Nrf2, leading to its proteasomal degradation via cullin 3 ubiquitination
(Dinkova-Kostova and Talalay, 2008). Upon exposure to inducers,
Keap1 interacts with inducers resulting in conformational changes that
abrogate the capacity of Keap1 to inhibit Nrf2. Nrf2 is translocated to
the nucleus, and dimerizes with small Maf (musculoaponeurotic fi-
brosarcoma) proteins, binds to antioxidant response element (AREs),
and activates the transcription of its target genes.

Nrf2 is recognized as a drug target for the prevention of colorectal
cancer. Nrf2-deficient mice are more susceptible to dextran sulfate
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sodium (DSS)-induced inflammation/colitis and to colitis-associated
colorectal cancer (Khor et al., 2006, 2008; Osburn et al., 2007). Many
natural and synthetic compounds have been reported to suppress co-
litis-associated carcinogenesis in animal models by activating the Nrf2/
ARE signaling pathway (Reimund et al., 1998; Gescher et al., 2001;
Greenwald et al., 2002; Martin et al., 2006; Cheung et al., 2010; Cui
et al., 2010; Krehl et al., 2012; Lippmann et al., 2014; Yang et al., 2014;
Long et al., 2015; Pandurangan et al., 2015; Wu et al., 2017). Although
Keap1 is well established as the sensor in the cytoplasm for these ac-
tivators, other proteins that may be involved in the activation of Nrf2
by the these inducers remain elusive.

Mitogen-activated protein kinase phosphatase 1 (Mkp-1; also named
dual-specific phosphatase 1, DUSP1), is a nuclear phosphatase and a
key negative regulator in the innate immune response (Liu et al., 2007).
By dephosphorylating threonine and tyrosine, this phosphatase deac-
tivates p38 and c-Jun N-terminal kinases, which play pivotal regulatory
roles in the biosynthesis of proinflammatory cytokines (Liu et al.,
2007). Recently, we reported that Mkp-1 is implicated in the regulation
of the Nrf2/ARE cytoprotective system via crosstalk with Nrf2 (Luo

et al., 2018; Li et al., 2018). Through a direct interaction with the Neh2
domain of Nrf2, Mkp-1 stabilizes Nrf2, leading to increased activity of
the transcription factor and upregulation of its downstream genes.
Conversely, Nrf2 activates Mkp-1 transcription by binding to the ARE in
the promoter of Mkp-1. Mkp-1 is involved in the regulation of both the
basal and inducible expression of ARE-driven genes, and has been im-
plicated in the protective action of the Nrf2 activators butylated hy-
droxyanisole (BHA) and sulforaphane against liver injury (Luo et al.,
2018). A role of the Mkp-1/Nrf2 axis in limiting inflammation in DSS-
induced murine colitis has also been demonstrated (Li et al., 2018).
Based on the importance of Mkp-1 in regulating the Nrf2 signaling
pathway, we hypothesized that Mkp-1 may play a key role in the action
of Nrf2 activators in reducing the risk for colon tumorigenesis.

BHA is a synthetic phenolic antioxidant that is widely used as an
antioxidant and preservative in food, food packaging, and medicines.
Resveratrol (RSV) is a dietary polyphenolic compound present in many
edible plants. Both agents are well-characterized Nrf2 activators that
have protective effects against inflammation and carcinogenesis in
humans and in animal models (Talalay et al., 1978; Pearson et al.,

Fig. 1. Mkp-1 knockout abolishes the anti-colitis effect of BHA and RSV. WT, Mkp-1−/−, and Nrf2−/− mice were given BHA (200mg/kg i.g.), RSV (200mg/kg
i.g.), or vehicle (corn oil) daily, starting 2 days before DSS administration (2.5%) in drinking water for 1 week, until the termination of the experiment after 7 days of
DSS treatment. (A) Representative images of the colon (a–c) and statistics for colon length (d) from mice treated with DSS + Vehicle, DSS + BHA, or DSS + RSV.
Colon length is represented as a ratio (cm/g) compared to the starting weight of mice prior to DSS administration (n = 8 [WT]; 6 [Mkp-1−/−]; 4 [Nrf2−/−]). (B)
Representative images of H&E-stained colon sections. Original magnification×40; scale bar, 100 μm; a−d, WT; e−h, Mkp-1−/−; i−l, Nrf2−/−. Control, mice given
normal drinking water without any treatment. (C) Colitis scores (n=8 [WT]; 6 [Mkp-1−/−]; 4 [Nrf2−/−]; mean ± SEM; **P < 0.01 vs WT mice treated with
DSS + Vehicle).
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1983; Wattenberg, 1985; Itoh et al., 1997; Rubiolo et al., 2008; Li et al.,
2014; Singh et al., 2014; Elshaer et al., 2018). We therefore used BHA
and RSV in this study as prototype Nrf2 activators to investigate the
chemopreventive role of Mkp-1. In a mouse model of azoxymethane
(AOM)/DSS-induced colitis-associated tumorigenesis, we present evi-
dence that Mkp-1 is essential for the suppression of colonic tumor-
igenesis by BHA and RSV.

2. Materials and methods

2.1. Chemicals and antibodies

Unless otherwise stated, all chemicals were from Sigma-Aldrich Co.,
Ltd (St. Louis, MO, USA). Antibodies were from Santa Cruz
Biotechnology (Dallas, TX, USA). DSS (36–50 kD) was from MP
Biomedicals (Aurora, OH, USA). Antibodies against mouse Nrf2 (H300;
sc-13032) and Mkp-1 (C-19) were from Santa Cruz Biotechnology.
Antisera against Ho-1, Nqo1, and Gclc were generated in our laboratory
(Luo et al., 2015a, 2015b). Antiserum against Gstα1/2 was kindly
provided by Professor John Hayes (University of Dundee, UK).

2.2. Animals

BALB/c background wild-type (WT) mice were purchased from
Shanghai Laboratory Animal Center (Chinese Academy of Sciences,

Shanghai, China). C57BL/6 background Nrf2−/− mice were kindly
provided by Prof. Masayuki Yamamoto (University of Tsukuba, Japan)
(Itoh et al., 1997). With the permission of Bristol-Myers Squibb Co.
(New York, NY, USA), Mkp-1−/− mice on the C57BL/6 background
were kindly provided by Professor Andrew R. Clark (University of
Birmingham, UK) (Smallie et al., 2015). BALB/c background Nrf2−/−

and Mkp-1−/− mice were produced by 8 back-crossings of C57BL/6
background Nrf2−/− and Mkp-1−/− mice with BALB/c WT mice.
Genotypes of Nrf2−/− and Mkp-1−/− mice were routinely determined
by RT-PCR and confirmed by Western immunoblotting. All animal
procedures were performed with the approval of the Laboratory Animal
Ethics Committee of Zhejiang University.

2.3. Colitis and colitis-associated tumorigenesis

To induce colitis, 6- to 8-week-old male C57BL/6 background mice
were given 2.5% DSS in the drinking water ad libitum for 7 days. Mice
given regular drinking water throughout the experimental period were
used as controls. The dose of BHA used in this study is same as that used
in the previous studies from our laboratory (Luo et al., 2015a, 2018)
and others laboratories (Hu et al., 2006; Nair et al., 2006). Previous
studies have shown that RSV doses in the range of 15–750mg/kg in the
mouse are effective in delaying or preventing carcinogenesis without
any toxicity (Gescher and Steward, 2003). A dose of 200mg/kg RSV
was chosen for this study. In BHA and RSV treatment experiments, male

Fig. 2. Mkp-1 knockout abolishes the inhibitory effect of BHA and RSV on inflammation and oxidative stress in murine DSS-induced colitis.WT,Mkp-1−/−,
and Nrf2−/− mice were given BHA (200mg/kg i.g.), RSV (200mg/kg i.g.), or vehicle (corn oil) daily, starting 2 days before DSS administration (2.5%) in drinking
water for 1 week, until the termination of the experiment after 7 days of DSS treatment. (A) Serum IL-6 and TNF-α levels of mice treated with DSS + Vehicle,
DSS + BHA, or DSS + RSV (mean ± SEM; **P < 0.01 vsWT mice treated with DSS + Vehicle). (B) Representative nitrotyrosine immunostaining of colon sections
from mice without treatment (control) (a, e, i); treated with DSS + vehicle (b, f, j); treated with DSS + BHA (c, g, k); or treated with DSS + RSV (d, h, l). Original
magnification × 40; scale bar, 100 μm. (C) Typical Western immunoblots for anti-Cox2 in cell lysates from the colon of mice with or without treatment. Actin served
as a loading control. Each lane represents lysate from a single mouse. The examples are from at least three separate experiments.
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C57BL/6 background mice (6–8 weeks old) were given BHA (200mg/
kg i.g.), RSV (200mg/kg i.g.), or vehicle (corn oil) daily, starting 2 days
before the administration of DSS (2.5%) in the drinking water for one
week, after which the experiment was terminated and the mice were
killed by cervical dislocation. The colon was processed as described
previously (Li et al., 2018). Tissue sections (3 μm) were stained with
hematoxylin and eosin (H&E) as previously described (Khor et al.,
2006). The histological score was the sum of the scores for four para-
meters: inflammation severity (0, 1, 2, or 3), ulceration (0 or 1), area of
inflammation (0, 1, 2, 3, or 4), and hyperplasia and dysplasia (0, 1, 2, or
3) as detailed previously (Pascal, 1994).

Colitis-associated adenoma was induced following a six-week AOM/
DSS treatment protocol modified from that of Suzuki et al. (2004).
Briefly, 5–6-week-old male BALB/c mice were given a single injection
of AOM (10mg/kg i.p.) once per week for the first three weeks, and
exposed to drinking water containing 1.5% DSS. This was followed by
normal drinking water for 3 weeks. Throughout, the mice were mon-
itored for body weight, diarrhea, and hematochezia. The protocol for
the effect of BHA or RSV supplementation on tumorigenesis is sum-
marized in Fig. 4A. The WT mice were fed an AIN-93M diet supple-
mented with BHA (0.5%) or RSV (300 ppm) one week prior to the
AOM/DSS treatment as described above until the end of the experi-
ment. Mice fed the AIN-93M diet and receiving AOM/DSS served as

controls. Colons were processed as described above.

2.4. Western blot analysis, H&E staining and immunohistochemistry (IHC)

The procedures for protein extraction from colon tissue and Western
immunoblotting are provided elsewhere (Luo et al., 2015a, 2015b).
Briefly, soluble proteins were extracted in a lysis buffer containing
10mM Tris HCl pH 8.0, 50mM NaCl, 50mM NaF, 100mM Na3VO4,
5mM ZnCl2, 0.5% Tirton X-100 and protease inhibitors. The protein
samples were separated by SDS-PAGE and transferred from the gel to
PVDF membrane (ThermoFisher Scientific, Beijing, China). The mem-
brane was blocked for 1 h at room temperature using the blocking
buffer containing 10% non-fat dry milk in TBST before incubation with
diluted primary antibody in the blocking buffer overnight at 4 °C. Anti-
cox-2, anti-Mkp-1, anti-Nrf2, anti-Ho-1 and anti-gclc were at 1/1000
dilution, anti-Nqo1 at 1/2000, and anti-gsta1/2 at 1/5000 dilution.
After three washes of TBST, the membrane was incubated with diluted
secondary HRP-conjugated antibody (Zhongshan Golden Bridge Bio-
technology, Beijing, China) in blocking buffer at room temperature for
1 h. After three washes of TBST, the signal was developed using Su-
perSignal™ Western Pico PLUS Chemiluminescent Substrate (Thermo-
Fisher Scientific) by following the manufacture's instruction. Im-
munoblotting with antibody against actin was performed to confirm

Fig. 3. Mkp-1 deficiency exacerbates adenoma formation after AOM/DSS treatment. BALB/c WT, Mkp-1−/−, and Nrf2−/− mice were subjected to 6-weeks
AOM/DSS treatment to induce colitis-associated tumorigenesis. (A) Photographs of colonic adenomas from mice after AOM/DSS induction. (B) Size distribution (left)
and total number (SUM, right) of colonic tumors per mouse (n=13 [WT]; 15 [Mkp-1−/−]; 12 [Nrf2−/−]). Values are mean ± SEM; *P < 0.05, **P < 0.01 vsWT
mice. (C) Representative H&E staining of colonic tumor sections at the end of AOM/DSS treatment (a–d). Control, normal colon sections from WT mice without any
treatment. Scale bar, 100 μm. Original magnification× 200. (D and E) Mkp-1 deficiency exacerbates inflammation and oxidative stress in colon from mice exposed to
AOM/DSS. (D) Representative IHC staining for anti-ki67 (a–d) and anti-F4/80 (e–h) in colonic tumor sections. (E) Representative IHC staining for anti-nitrotyrosine
(a–d) and p53BP1 (e–h) in colonic tumor sections. Control, normal colon sections from WT mice without treatment. Scale bar, 100 μm. Original magnification×200.

Z. Zheng, et al. Food and Chemical Toxicology 127 (2019) 72–80

75



equal loading for whole-cell extracts.
H&E staining and IHC of colon sections from mice was carried out

using formalin-fixed paraffin-embedded tissue as described previously
(Luo et al., 2015a, 2015b). Briefly, Tissues were fixed with 10% for-
maldehyde in PBS, embedded in paraffin, sectioned into 4-μm thick
sections and mounted on glass slides for immunohistochemical analysis.
Sections were deparaffinized in xylene and rehydrated in a series of
graded ethanol. The endogenous peroxidase activity of the specimens
was blocked by immersing the slides in a 3% hydrogen perox-
idase–methanol solution for 10min at room temperature. After three
washes of PBS, sections were pretreated with citrate buffer for 2min at
121 °C in a microwave oven to retrieve antigenicity. To block non-
specific reactions, the sections were treated with 1% bovine serum al-
bumin in PBS for 60min at room temperature. The sections were next
incubated overnight with diluted primary antibody at 4 °C. Anti-ni-
trotyrosine and anti-F4/80 were at 1/200 dilution, anti-ki67 at 1/300,
and anti-p53bp1 at 1/1000 dilution. After three washes of PBS, the
sections were incubated with diluted secondary HRP-conjugated anti-
body (Zhongshan Golden Bridge Biotechnology) in a humidity chamber

for 30min at room temperature. After three washes of PBS, sections
were stained with DAB (3,3′-Diaminobenzidine) solution (HuaAn Bio-
technology, Hangzhou, China) by following the manufacture's instruc-
tion, and counterstained with hematoxylin. Finally, the sections were
dehydrated, cleared and mounted. IHC staining was evaluated by two
independent pathologists, who were blinded to the treatments. For each
mouse, three separate slides were analyzed. Five microscopic fields in
tissues were randomly selected and evaluated.

2.5. Real-time quantitative PCR (RT-qPCR)

Total RNA isolation and RT-qPCR were performed as described
previously (Wang et al., 2006). The primers and probes were synthe-
sized by TaKaRa Biotechnology (Dalian, China). qPCR using the vali-
dated SYBR® Green or TaqMan assays were carried out on a Light-
Cycler® 480 instrument (Roche, Mannheim, Germany). The primers and
probes for mouse Nqo1, Gclc, and Gstα1 were as described previously
(Luo et al., 2018). The sequences of the primers and probes for mea-
suring mouse Ho-1 and Mkp-1 mRNAs were as provided elsewhere (Li

Fig. 4. Down-regulation of Mkp-1, Nrf2 and ARE-driven genes in adenoma compared to adjacent normal mucosa. BALB/c WT were subjected to 6-weeks
AOM/DSS treatment to induce colitis-associated adenoma. The adenoma and the adjacent normal colon tissue were harvested separately. (A) Typical Western
immunoblots for anti−Mkp-1 and anti−Nrf2 in tissue lysate from adenomas and in adjacent normal mucosa in the colon of WT mice exposed to AOM/DSS. Actin
was used as a loading control. For control and adjacent normal tissue, each lane represents lysate from a single mouse. For adenoma samples, each lane represents
lysate from a pooled sample of 3–5 tumors. Control, normal WT mice without treatment. (B and C) mRNA levels of Mkp-1, Nrf2, Ho-1, Nqo1, Gclc, and Gstα1 in
adenomas and in adjacent normal mucosa in the colon of WT mice exposed to AOM/DSS. For control and adjacent normal tissue, each sample represents RNA from a
single mouse. For adenomas, each sample represents RNA from a pooled sample of 3–5 tumors. Control, normal WT mice without treatment. 18S RNA was used as
internal control. The value for control mice was set at 1 (mean ± SEM, n = 3; **P < 0.01). (D) Representative Western immunoblots of Ho-1, Nqo1, Gclc, and
Gstα1 in adenomas and in adjacent normal mucosa in colon from WT mice exposed to AOM/DSS. Tissue lysates were prepared separately from the adenoma and the
adjacent normal tissue from mice colon developed adenoma, and subjected to Western immunoblotting analysis with antibody against Ho-1, Nqo1, Gclc, or Gstα1.
Actin was used as a loading control. For control and adjacent normal tissue, each lane represents lysate from a single mouse. For adenoma samples, each lane
represents lysate from a pooled sample from 3–5 tumors. Control, normal WT mice without treatment.
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et al., 2018). For measurement of cDNA corresponding to mouse Nrf2
cDNA, the forward primer was 5′-GAGCCCTCTTTGTGATTCAGATTC-3′,
the reverse primer was 5′-TTAGCCCTTCCAAACTACTCTAGGTATC-3′,
and the probe was 5′-FAM-CACCAGCTCTTTGGAGTAATTGCTAA-
TAMRA-3’. Each assay was performed in triplicate. The results were
analyzed with 480II Real Time PCR System software (Roche, Shanghai,
China). The level of 18S RNA was used as an internal standard.

2.6. Statistical analysis

Statistical analysis was carried out using Stata7 for Windows
(StataCorp LLC, College Station, TX, USA). Student's t-test was used to
compare two groups. Groups of more than two were compared by one-
way ANOVA followed by Bartlett's test. Spearman's correlation was
used to analyze two ranked variables. A p value < 0.05 was considered
statistically significant.

3. Results

3.1. Mkp-1 deficiency abolishes the anti-colitis effect of BHA and RSV

To test whether Mkp-1 is required for the anti-colitis effect of Nrf2
activators, BHA and RSV (200mg/kg i.g.) were given to WT, Mkp-1−/

−, and Nrf2−/− mice that received DSS treatment. BHA and RSV re-
duced the severity of the colitis developed in the DSS-treated WT mice
(Fig. 1), which exhibited a significantly longer colon (Fig. 1A, a and d)
and reduced inflammation index (Fig. 1B, c and d; 1C). Inflammatory
mediators such as IL-6, TNF-α and COX-2 are upregulated in UC{Khor
et al., 2006 #18}. We found that BHA and RSV treatments caused lower
levels of serum IL-6 and TNF-α (Fig. 2A), and lighter staining for ni-
trotyrosine, a marker of oxidative stress (Fig. 2B, c–d). The induction of
COX-2 in the colon was also blocked by these compounds (Fig. 2C, lanes
3–4). As expected, dietary BHA and RSV were unable to elicit the
beneficial phenotypic changes in Nrf2−/− mice (Figs. 1 and 2B, j−i).
Strikingly, dietary suppression of colitis using BHA and RSV also failed
inMkp-1−/− mice (Figs. 1 and 2B, f−h). Our results demonstrated that,
in addition to Nrf2, Mkp-1 is required for the action of BHA and RSV
against inflammation and oxidative stress.

3.2. Mkp-1 deficiency increases susceptibility to colitis-associated adenoma

To assess the role of Mkp-1 in colitis-associated tumorigenesis, WT,
Mkp-1−/−, and Nrf2−/− mice were subjected to 6 weeks of AOM/DSS
treatment to induce colitis-associated tumorigenesis. Although colonic
tumors occurred across all three genotypes, the number of tumors per
mouse was significantly higher in Mkp-1−/− mice (11.9 ± 4.2,

Fig. 5. Mkp-1-knockout abolishes the chemopreventive action of BHA and RSV on colitis-associated tumorigenesis. (A) Experimental protocols for assessing
the effect of BHA and RSV on colitis-associated tumorigenesis. BALB/c WT and Mkp-1−/− mice were subjected to 6-weeks AOM/DSS treatment to induce colitis-
associated tumorigenesis. The mice were fed with the control diet or the diet supplemented with BHA (0.5%) or RSV (300 ppm) one-week prior to the AOM/DSS
treatment, and continued through the whole experimental period. (B) Total numbers of colonic tumors per mouse (n = 20 [WT + Control diet]; 7 [WT + BHA]; 7
[WT + RSV]; 15 [Mkp-1−/− + Control diet]; 5 [Mkp-1−/− + BHA]; 6 [Mkp-1−/− + RSV]). Values are mean ± SEM; *P < 0.05, **P < 0.01. (C) Representative
H&E staining of colonic tumor sections at the end of AOM/DSS treatment. a and d, Control diet; b and e, BHA supplementation; c and f, RSV supplementation. Scale
bar, 100 μm. Original magnification× 40. T, tumor.
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p < 0.01) than in their WT counterparts (9.2 ± 3.8), while the
number in Nrf2−/− mice was even higher (16.2 ± 5.1, p < 0.01)
(Fig. 3A and B). Histological evaluation of tumors revealed that the
majority from all three genotype were adenomas, which represent the
initial stage of tumorigenesis (Fig. 3C, b-d). IHC revealed that although
Ki-67 was induced in the colonic adenomas from all phenotypes, its
expression was much higher in the adenomas from Mkp-1−/− and
Nrf2−/− mice (Fig. 3D, c and d) than in the WT (Fig. 3D, b), suggesting
that tumor proliferation was more active in the knockout mice than in
the WT.

3.3. Mkp-1 deficiency exacerbates inflammation and oxidative stress

The inflammatory response is thought to drive the development of
tumors in the AOM/DSS model (Erreni et al., 2011; Isidro and
Appleyard, 2016). IHC with antibody against F4/80, a marker of
macrophages, revealed that the numbers of F4/80-positive cells were
markedly higher in the colonic mucosa of Mkp-1−/− and Nrf2−/− mice
than in the WT after AOM/DSS exposure (Fig. 3D, f−h). Furthermore,
the staining for nitrotyrosine and p53-binding protein 1 (p53BP1),
which are markers of oxidative stress and DNA damage, respectively,
was more intense in the colonic mucosa of Mkp-1−/− and Nrf2−/−

mice than WT mice after AOM/DSS exposure (Fig. 3E, b−d and f-h).
These results suggest that, like Nrf2, Mkp-1 inhibits DNA damage and
suppresses tumorigenesis by blocking inflammation and oxidative
stress.

3.4. Reduced expression of Mkp-1, Nrf2 and genes downstream of Nrf2 in
adenoma

We next assessed the expression of Mkp-1, Nrf2, and ARE-driven
genes in adenomas from WT mice. The Mkp-1 and Nrf2 levels were

markedly higher in adjacent normal tissue from WT mice that devel-
oped adenomas (Fig. 4A, lanes 4–6), than in the colonic tissue from WT
mice without adenoma induction (Fig. 4A, lanes 1–3). However, in
contrast to that in the adjacent tissue, the expression of these proteins
was dramatically lower in the adenomas (Fig. 4A, lanes 7–9). Their
mRNA levels in adenomas were also lower than in adjacent tissue
(Fig. 4B). Accordingly, the mRNA and protein levels of the ARE-driven
genes Ho-1, Nqo1, Gclc, and Gstα1 were significantly lower in adenomas
than in the adjacent normal tissue from WT mice with adenomas
(Fig. 4C and D). Thus, our results clearly demonstrated that, while Mkp-
1/Nrf2 signaling is up-regulated in adjacent normal tissue, it is down-
regulated in colon adenoma, suggesting that loss of the cytoprotective
system regulated by Mkp-1/Nrf2 is associated with the initiation of
colitis-associated cancer.

3.5. Mkp-1 deficiency abolishes the chemopreventive effect of BHA and RSV

To investigate whether Mkp-1 is required for the chemopreventive
effect of the Nrf2 activators, WT and Mkp-1−/− mice were given diets
supplemented with BHA (0.5%) or RSV (300 ppm) while they were
exposed to DSS/AOM to induce adenoma (Fig. 5A). As expected, the
supplementation significantly reduced the number of adenomas devel-
oped in WT mice (Fig. 5B and C, b and c). However, the same supple-
mentation failed to have any effect on the tumor development in Mkp-
1−/− mice (Fig. 5B and C, e and f). Our data indicate that the tumor-
suppression activity of BHA and RSV is dependent on Mkp-1.

4. Discussion

Our results showed that the action of the Nrf2 activators BHA and
RSV in anti-colitis and the suppression of tumorigenesis is Mkp-1 de-
pendent. We provide evidence for the first time that loss of Mkp-1
abolishes the chemopreventive effects of these agents. This study re-
veals a novel function of Mkp-1 in chemoprevention.

In the model of AOM/DSS-induced colitis-associated tumorigenesis,
the phenotype of Mkp-1−/− mice was nearly identical to that of Nrf2−/

− mice. Both the Mkp-1−/− and Nrf2−/− mice had more tumors than
WT mice in this model. IHC revealed enhanced epithelial proliferation
in Mkp-1−/− and Nrf2−/− tumors. This phenotype was associated with
significant increases in infiltrating monocytes/macrophages with more
proteins nitrosylated at the tyrosine residue after expression. Moreover,
increased expression of p53BP-1 was found in the Mkp-1−/− and
Nrf2−/− tumors. These results suggest that inhibiting the oxidative
stress and DNA damage caused by inflammation is a common me-
chanism for Mkp-1 and Nrf2 in protection against colitis-associated
tumorigenesis.

It is recognized that Nrf2 plays dual roles during carcinogenesis: one
is preventive during tumor initiation, and the other promotes progres-
sion (Satoh et al., 2013). In this study, we used a model of colitis-as-
sociated tumorigenesis induced by 6 weeks of AOM/DSS, representing
an early stage of tumorigenesis. We found that the expression levels of
Nrf2, Mkp-1 and ARE genes were higher in the adjacent normal tissue
from WT mice compared to the control tissue, suggesting that adjacent
normal tissues were under the stress of inflammation, which upregu-
lates the Mkp-1/Nrf2 signaling. This observation is in consistent with
our recent report that Mkp-1/Nrf2 signaling is activated in response to
inflammatory stimuli{Li et al., 2018}. The higher expression of ARE-
driven genes in the adjacent normal tissue suggests that a strong Mkp-
1/Nrf2/ARE-controlled cytoprotective system in the mucosa is crucial
for protection against the increased oxidative stress caused by in-
flammation in colitis. Strikingly, the expression levels of Nrf2 and its
target genes in adenomas from WT mice were much lower than those in
the adjacent normal tissue, further confirming the preventive role of the
Nrf2/ARE system at the initiation of tumorigenesis. Interestingly, Mkp-
1 expression was also lower in the adenomas, correlated with that of
Nrf2 and ARE-driven genes. This result is consistent with our prior

Fig. 6. Model for the role of Mkp-1 in colitis-associated colon tumor-
igenesis. Nrf2/ARE signaling is activated in response to chemopreventive
agents and inflammatory stimuli. Inflammatory stimuli such as lipopoly-
saccharide induce the activation of Mkp-1 and Nrf2 transcription, while che-
mopreventive agents prevent Nrf2 protein degradation by modifying Keap1,
and lead to the stabilization and activation of Nrf2. Upon activation, the Mkp-1
and Nrf2 proteins are translocated to the nucleus where they interact, leading to
increased Nrf2 stability and the activation of ARE-driven genes including Mkp-
1. Mkp-1 and Nrf2 form a feed-forward loop to protect colonic tissues against
inflammation and prevent tumorigenesis.
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finding that Mkp-1 and Nrf2 form a forward feedback loop (Luo et al.,
2018; Li et al., 2018), demonstrating the action of Mkp-1 in regulating
the Nrf2/ARE system for protection against colonic inflammation. The
higher expression of ARE-driven genes in the adjacent normal tissue
suggests that a strong Mkp-1/Nrf2/ARE-controlled cytoprotective
system in the mucosa is crucial for protection against the increased
oxidative stress caused by inflammation in colitis. On the other hand,
downregulation of this signaling may result in reduced host protection
and greater susceptibility to damage by the oxidative stress caused by
inflammation. Our results suggest that increased tumorigenesis may be
driven by impairment of the Mkp-1/Nrf2 axis, and points to the im-
portance of upregulating Mkp-1/Nrf2/ARE signaling in the prevention
of colorectal tumorigenesis.

Pharmacological intervention with small-molecule activators of
Nrf2 signaling provides protection against inflammation and prevents
tumorigenesis (Rangasamy et al., 2004, 2005; Osburn et al., 2007;
Thimmulappa et al., 2007; Ahmed et al., 2017). In agreement with
previous reports that RSV and BHA have strong anti-inflammatory and
chemopreventive properties (Reimund et al., 1998; Gescher et al.,
2001; Greenwald et al., 2002; Martin et al., 2006; Cheung et al., 2010;
Cui et al., 2010), we also found that they reduced the damage in DSS-
induced colitis as well as inhibiting the AOM/DSS-induced tumor-
igenesis in WT mice. Intriguingly, neither BHA nor RSV supplementa-
tion had beneficial effects in Mkp-1−/− and Nrf2−/− mice, confirming
that, in addition to Nrf2, Mkp-1 is required for BHA- and RSV-induced
chemopreventive effects. It is well established that Mkp-1 negatively
regulates immune responses by deactivating mitogen-activated protein
kinases (Liu et al., 2007). Further studies are ongoing to determine
whether these kinases are implicated in the chemopreventive role of
Mkp-1.

Taking these findings together, we propose a model in which Keap1,
Mkp-1, and Nrf2 work together against colitis-associated tumorigenesis
(Fig. 6). Keap1 serves as a key sensor for chemopreventive agents. Upon
modification of Keap1, Nrf2 is de-repressed and hence accumulates in
the nucleus. In response to inflammatory stimuli, Nrf2 activity is further
enhanced by Mkp-1. Nrf2 induces the transcription of ARE-driven
genes, including Mkp-1, leading to further upregulation of Mkp-1.
Keap1, Mkp-1, and Nrf2 form a network in activating the expression of
ARE-driven genes to limit excessive inflammation and to suppress tu-
morigenesis. Given the critical role of Mkp-1 in the progression of in-
flammation-mediated tumorigenesis, modulation of the Mkp-1/Nrf2
axis by small molecules may be a useful therapeutic strategy for the
treatment of inflammatory bowel disease and the prevention of color-
ectal cancer.
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